Purpose: The development of magnetic resonance-guided radiation therapy (MRgRT) necessitates accurate Monte Carlo (MC) models of ion chambers for computing ion chamber corrections to compensate for the presence of the magnetic field. This study evaluates the sensitivity of the ion chamber dose response in a magnetic field on the collection volume used in the MC simulation. Methods: The EGSnrc system's egs_chamber application is used with a recently developed and validated magnetic field transport code. The calculated dose to the sensitive volume of the chamber per unit incident photon fluence, normalized to that at 0 T, is evaluated as a function of magnetic field for the PTW 30013, PTW 31006, PTW 31010, Exradin A12S, and Exradin A1SL chambers. The sensitive region is varied by excluding the volume corresponding to either 0, 0.5, or 1 mm of distance away from the stem. The photon field, magnetic field, and ion chamber are all oriented perpendicular to each other as in the majority of published experimental works. Results: The calculations for a Co-60 source demonstrate that variations from the 0 mm simulations are on the order of several percent with a maximum deviation, occurring at 0.5 T, of 1.75 AE 0.03% and 3.39 AE 0.06% for the 0.5 mm or 1 mm simulations, respectively, for a 0.057 cm 3 A1SL chamber. Larger volume chambers showed smaller, but still non-negligible, variations. Simulations of the A1SL chamber with a 7 MV photon source, corresponding to the Elekta MR-linac machine, demonstrate that the effect is slightly reduced but still persists with a maximum deviation of 1.97 AE 0.08% for the 1 mm reduction. Conclusions: Usually, the geometric sensitive volume of the ion chamber is used in MC calculation as a substitute for the potentially unknown, smaller, true collection volume (governed by the complex electric field distribution inside the chamber). The calculations in this study demonstrate that even a small variation in simulated volume can lead to fairly large variations in the MC calculated ion chamber response in a magnetic field. This is an important effect that must be addressed to ensure proper calibration of MRgRT machines using MC ion chamber correction factors. This effect may play a role, even where there is no magnetic field, in small-field dosimetry when volume averaging effect are important.
INTRODUCTION
Magnetic resonance-guided radiation therapy (MRgRT) is a promising technology for improving real-time tumor tracking and dose conformity. [1] [2] [3] [4] Current and developing machines are configured with magnetic fields ranging between 0.35 T and 1.5 T, with linac or Cobalt-60 photon beams that are either parallel or perpendicular to the magnetic field. The magnetic field's effect on the trajectory of secondary electrons has been shown to affect dose distributions, particularly near interfaces between materials with very different densities. [4] [5] [6] Furthermore, it has been found that the charge collected per MU in the ion chamber changes by plus or minus several percent in the presence of magnetic fields. [7] [8] [9] The impact on ion chambers depends on the chamber's orientation relative to, and magnitude of, the magnetic field, and photon energy. 8, 10, 11 Additionally, a variety of studies have demonstrated that air bubbles or gaps present around the chamber introduce additional variations in the dose to the sensitive volume of the chamber when an external magnetic field is present. 9, 11, 12 Collectively this has motivated validation of Monte Carlo (MC) codes for use in magnetic fields so they can be used to calculate ion chamber corrections factors for MRgRT dosimetry. 10, 12 Experimental measurements of ion chamber response as a function of magnetic field normalized by the no magnetic field case have been reported by several groups. [7] [8] [9] These measurements are compared to MC simulations with the goal of justifying the use of the MC models for future calculations of correction factors. 10, 12 As in ion chamber simulations in the absence of magnetic fields, 13, 14 the ion chamber cavity's geometric volume is often used as the sensitive volume in place of the unknown smaller true collection volume. Numerical calculations have shown distortions in the charge collecting electric field of the chamber near the stem, where the geometric sensitive volume usually begins. 15, 16 As it is the electric field that determines charge collection, such distortions in the field correspond to insensitive regions in which charge is not gathered by the central electrode. The excluded volume for several chambers, when accounting for the electric field, represents between about 8% and 20% of the geometric sensitive volume. 15, 16 Additional variations in the volume are seen based on any differences in potential between the guard and central electrode. 15 Furthermore, experimental evaluation of dosimetric response maps of several ion chambers indicate a drop in sensitivity in the same region near the stem. 17 This effect does not usually appear in MC calculations as these omit the complex structure of the electric field inside the ion chamber. Although the reduced volume would cause a reduction in the total collected charge, any experimentally or computational determined dose ratio in the absence of a magnetic field should not be affected by the volume reduction, as demonstrated by the good agreement between calculated and measured k Q factors for many ion chambers. 18 To date the impact of the size of the sensitive volume has not been studied in the context of external magnetic fields. Considering that the magnetic field sweeps electrons in a preferential direction, there can be a notable change in the calculated chamber dose. In this study, the sensitive volume of five ion chambers is varied and the corresponding response is evaluated as a function of magnetic field.
METHODS
The egs_chamber 13 3 ) chambers inside a 26 cm long, 2 cm wide, and 5 cm high PMMA phantom. The volumes given in brackets are the nominal geometric-sensitive volumes. As in the NPL phantom of Agnew et al. 9 , a 1.5 cm diameter and 14.5 cm long water cavity in which the chambers are positioned is also simulated. As in Fig. 1 , the chambers are oriented to point in the x-direction, while a Co-60 20 or 7 MV 21 photon beam, located at an SSD of 162 cm, is incident from the negative z-direction. A 0 to 2 T magnetic field is simulated in the negative y-direction. This orientation, in which the ion chamber, photon field, and magnetic field are all perpendicular to each other has become the most common geometric configuration used in experiments. [7] [8] [9] Major advantages of the recently published Agnew et al. data, which uses this same orientation, are the use of the known Cobalt-60 source, elimination of air gaps around the chamber, and a full description of the phantom. For this reason this specific configuration is simulated and results are compared to these data. Additionally, true variance reduction techniques 13 are used to improve MC simulation efficiency and all default parameters of the egs_chamber simulation are used, with the exception of applying the NIST bremsstrahlung cross sections. The photon and electron total energy thresholds, PCUT and ECUT, are set to 10 keV and 521 keV, respectively.
To evaluate the sensitivity of the chamber response in the magnetic field on the collection volume, the dose per unit incident photon fluence to the geometric sensitive volume with 0, 0.5, or 1 mm of the volume away from the stem excluded is calculated for each of the chambers. In Fig. 1 , region (1) corresponds to the first 0.5 mm away from the stem, and region (2) is the second 0.5 mm. In this way, the combined volume of regions (1), (2), and (3) correspond to the total geometric sensitive volume that is normally used in MC calculations. Region (3) is the volume with the volume corresponding to 1 mm of chamber length away from the stem removed, and regions (3) and (2) combined are the volume with 0.5 mm removed. The volume fraction of the excluded air is comparable to that mentioned above (8-20%) and found through detailed calculations of the actual collecting volume based on the electric field in the chamber. 15, 16 The chamber response, i.e., the average dose for the given sensitive volume per unit incident photon fluence, is evaluated as a function of magnetic field and normalized by the 0 T simulation for each chamber and collection volume. The ratios of the chamber responses and the associated statistical uncertainties (k = 1) are reported as a percent value away from unity. The overall uncertainty on the MC simulations is approximately 0.5% (k = 1), based on a 0.2% uncertainty on the transport mechanics as shown by previously published Fano test results 12 and a conservative uncertainty estimate of 0.38% on chamber dose ratios due to uncertainty in the photon and electron cross-sections, 14 and 0.25% uncertainty in the constancy of (W/e) air , the average energy lost per Coulomb of charge released by electrons in air. 22 As seen in Fig. 1 , in the simulated orientation the magnetic field produced a clockwise rotation of negatively charged particles. This sweeps electron away from stem region and produces a regional dose enhancement near the tip of the chamber, on the left in the figure.
RESULTS AND DISCUSSION
The normalized chamber doses are given in Fig. 2 , and demonstrate that there is a notable variation in chamber response based on the sensitive volume of the chamber. The chamber volumes, fractions of the volume corresponding to the excluded regions, as well as the maximum deviation from the 0 mm simulations are provided in Table I . Larger volume chambers, such as the PTW 30013 and Exradin A12S, experience a lower variation from the 0 mm simulation compared to the smaller volume chambers. This is to be expected as the excluded distance away from the stem was maintained constant which means that volume fractions of the excluded regions are smaller for the larger chambers. 9 Simulation statistical uncertainties (k = 1) are smaller than the symbols, and the experimental uncertainty is 0.5 %. 9 [Color figure can be viewed at wileyonlinelibrary.com]
The maximum variation in response from the 0 mm simulation appears to change in line with a change in volume (roughly doubling when comparing the 1 mm results to the 0.5 mm maximum variation). The three smallest chambers, PTW 31010, PTW 31006, and Exradin A1SL, show the largest variation in response with a maximum of 3.39 AE 0.06% with the volume of 1 mm away from the stem removed. Interestingly, the PTW 31006, although the smallest chamber and the one with the largest volume fraction associated with the excluded regions, does not produce the largest variation in response of these three chambers. However, the PTW 31006 has the smallest sensitive volume radius of the three chambers and therefore produces more confinement of the curving electrons. This would reduce the dose variation from the stem to tip of the chamber, and lessen the impact of excluding a portion of the volume. Furthermore, chambers with similar radii achieve their maximum variation at similar magnetic field values, and larger radii correspond to smaller magnetic fields at maximum variation (as weaker magnetic fields are associated with larger gyroradii). Past the maximum, variations from the 0 mm simulation begin to decrease, likely linked to the decreasing gyroradius allowing for nearly complete rotations within the volume of the chamber. It is important to note that reduction in the sensitive volume results in an increase in the relative chamber response in most cases. This indicates that the region near the tip of the ion chamber has a higher average dose than the excluded segment when a magnetic field is present. This is a result of the clockwise rotation of negatively charged particle trajectories induced by the magnetic field. This causes some electrons to leave the insensitive region and enter the sensitive region. Based on this argument, a magnetic field oriented in the positive ydirection would produce a counterclockwise rotation of the electron trajectories which would lead to a higher average dose on the right side of the chamber near the stem. An orientation between these two extremes may negate the effect of the varying collection volume on the MC dose calculation, and this merits detailed further investigation.
Three of the simulated chambers demonstrate large variations, from the 0 mm calculations, in response as a function of magnetic field. For the PTW 31006 and PTW 31010, the 0.5 mm calculations appear to be much more closely aligned with the experiment than the 0 mm calculation. The A1SL and A12S appear to have a tighter agreement with experiment even with little reduction in sensitive volume, and the PTW 30013 simulations may indicate that a larger change in the sensitive volume is require or another effect is at play to account for the deviation from experiment for this chamber. Ultimately, the 0.5 mm and 1 mm volume boundaries serve as a very rough surrogate to true insensitive region of the chamber and a proper comparison with experimental results requires a detailed calculation of the electric field in each chamber model. Most importantly, these results demonstrate that the MC calculated ion chamber doses in magnetic fields are often sensitive to the true sensitive volume of the chamber, and the variation in response from the geometric sensitive volume dose calculation is strongly chamber dependent.
Agnew et al. 9 had used different PMMA phantoms for some of the chambers in their experiments. To ensure that results between phantoms are comparable, the group showed that interphantom variation of the response was near 0.1% for the PTW 30013. In the current work, a comparative simulation with the PTW 31010 using the alternative phantom geometry from the experimental work shows that the response changes by less than 0.3% from the results in Fig. 2 . The goal was to evaluate the influence of the sensitive volume on the response, and for simplicity all chambers are simulated in the same phantom.
Substituting the Co-60 source with a 7 MV MR-linac spectrum source in the PTW 30013, PTW 31010, and A1SL simulations, Fig. 2(f) , reveals that the sensitive volume remains an influencing component of the calculated chamber response. The maximum variation from the 0 mm simulation is slightly reduced compared to the Co-60 simulations (Table I ) and is likely due to the increased energies of the electrons. These electrons would have a larger radius of curvature in the magnetic field, and the dose distribution in the chamber would become more uniform.
CONCLUSION
Our results demonstrate that substantial variations in ion chamber response as a function of magnetic field can occur depending on the size of the chamber's collection volume. These variations are more pronounced in smaller volume ion chambers, and are found to be, for a Co-60 source, as large as 1.75 AE 0.03 % and 3.39 AE 0.06 % when excluding the TABLE I. Geometric sensitive volumes (V), cavity radii (R), and lengths (L) of the ion chambers and the corresponding percent of the volumes excluded. The maximum variation from the 0 mm simulations and the magnetic field (B) at the maximum is also given. volume corresponding to either 0.5 mm or 1 mm, respectively, of the length away from the stem. The effect is slightly reduced, but still non-negligible, when a higher energy 7 MV photon spectrum is simulated. Although the simulated variations in the chamber's sensitive volume do not exactly reflect the true collection volume that is governed by the electric field established in the chamber, this study demonstrates the large sensitivity of MC dose calculations to these details. Differences between the MC and the experimental results are seen for the 0 mm calculation, and, while a reduction in the sensitive volume does improve the agreement for some chambers, there are still some discrepancies seen even for the 1 mm simulations. This indicates that to properly compare many of the experimental studies of ion chambers in magnetic fields to MC calculations, a better knowledge of the true sensitive volume is required. The true collection volume could be determined by performing a detailed calculation of the electric field. 15, 16 This would have to be done for each chamber of interest and would be complicated by changes in volume resulting from changes in applied potential. 15 A more general solution for clinical dosimetry would be to find orientations in which the effect of the sensitive volume on the chamber response is minimized. The orientation in this study was chosen to allow for comparison with currently available experimental work, and a detailed study of several chambers and orientations is underway to attempt to find an optimal configuration for use in a dosimetric protocol. To the extent that volume averaging of detector signal plays a role in small-field dosimetry, knowledge of the details of the sensitive volume may also be important in the absence of a magnetic field.
[Preceding sentence added to amend typesetting error on 24 July, 2017, after first online publication.]
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